Abstract: Using low-cost materials, carbon, and alum, a new solid composite electrolyte system was fabricated and characterized using various techniques. Complex impedance spectroscopy was used to measure its ionic conductivity. A maximum conductivity of 3.4 × 10 −5 S/cm was obtained when alum was doped with 40% carbon. An Arrhenius behavior was reported when the temperature dependence of conductivity was analyzed. Scanning electron microscopy was used to study the surface morphology of the synthesized electrolyte. Fourier transform infrared and X-ray diffraction results confirmed the formation of composite material. The synthesized solid composite electrolyte exhibited excellent humidity sensing behavior in the relative humidity range of 15%-65%. Various humidity characteristics of the sample were measured such as hysteresis loop, recovery, and response time of the sensor. An expert system was modeled using artificial intelligence techniques and failure of the sensor was predicted with 97.2% accuracy using artificial neural networks.
Introduction
Solid-state electronics is a new branch of science that came into existence in the 1950s after the discovery of transistors, which has enormous applications in various electronic devices, ICs, and others. Afterward, a number of solid materials were investigated for ionic conduction that can be useful in device fabrication. However, these materials possessed many defects such as bulkiness, corrosion of electrolyte, very low values of ionic conduction, and others. Previous outputs from most devices were based on the movement of electrons, but with the development of science and technology, researchers have been able to develop solid composite materials with high ionic conductivity. Throughout the last decade, researchers have shown escalating interest in these solid electrolytes due to their remarkably high ionic conductivity and insignificantly low electronic conductivity. These solids have shown various applications such as in fuel cells, supercapacitors, memory devices, electrochemical displays, and others [1] [2] [3] [4] [5] [6] .
The ionic conductivity of solid composites is enhanced by a number of methods. An increase in ionic conductivity of up to a hundred times is accomplished by diffusion of the second insoluble phase in the lattice network [7] . Another attempt at increasing ionic conductivity involves the incorporation of certain impurity atoms that leads to an amorphous and highly disordered system [8, 9] . Ionic transport in silver iodide, including a number of dispersoids (Al 2 O 3 , AgBr, fly ash, SiO 2 ), has been reported by Shahi and Wagner [10] and Jow and Wagner [11] . Rigorous research studies in the past have resulted in a number of high-quality solid electrolyte systems, but endeavors to develop new composite materials with enhanced properties always persist.
Sachdeva et al. [12] have reported an increase in the conductivity of potash alum when used with fly ash as a dispersoid. In the present article, we report a further enhanced solid electrolyte system consisting of potash alum and carbon black particles used as a dispersoid. This system is also used as a humidity-sensing device. Much less research has been reported on the use of carbon particles for conductivity enhancement.
Carbon black is an important component of particulate matter polluting the atmosphere and is produced due to the incomplete combustion of fossil fuels. It was the first pollutant known to pollute the environment significantly. Conductivity measurements of carbon black have already been measured by Isaaq et al. [13] and they found that complex permittivity decreases with an increase in crystallite size and surface area. Enhancement of ionic conductivity of gum arabic due to the presence of carbon black as a dispersoid has already been investigated [14] .
The common alum is a double sulfate of potassium and aluminum, K 2 Al 2 (SO 4 ) 4 · 24H 2 O, which is a white crystalline powder that is readily soluble in water. The advantage of using alum is that H + ions play a very important role in ionic conduction.
To utilize carbon black and alum in a better way, a successful effort has been made to fabricate composite-based humidity sensors. Using artificial intelligence techniques, failure prediction and the life of the component have been calculated as a method suggested by Zubaidi et al. [15] .
Materials and methods

Sample preparation
Carbon black and potash alum of unknown purity were collected from the local supplier. Then, the considerable amount of potash alum and carbon black was weighed, meticulously mixed, and pulverized in an agate mortar and pestle for approximately 2 h. This was followed by pelletization in a nickel-plated steel die at a pressure of 2.5 tons using a hydraulic pelletizer machine. Pellets with a circular contour having an area of 0.2 cm 2 and 3-5 mm in thickness were obtained. Surface morphology of the composite was examined using scanning electron microscopy (SEM; Hitachi S-570, Tokyo, Japan). Fourier transform infrared (FTIR; Perkin Elmer 883, MA, USA) and X-ray diffraction (XRD) Rigaku (D/max-2500, Texas, USA) were used to confirm the formation of the composite.
To calculate bulk electrical conductivity, complex impedance spectroscopy was used for all the samples. For electrical measurements, both sides of the pellets were coated with silver paste to make it conductive. After silver pasting, these were dried under normal temperatures. Model CHI604D, an electrochemical workstation with a frequency range of 10 −4 Hz-10 2 KHz was used, whereas electrodes were made up of pressure-contacted stainless steel.
Results and discussion
Complex impedance spectroscopy
The conducting behavior of carbon-doped potash alum solid composite electrolyte was examined using complex impedance spectroscopy. The value of bulk resistance R b was calculated from the intersection of the first complete semicircle with the real axis in the high-frequency region. Furthermore, ionic conductivity (σ) was calculated from the value of R b using the following relation: 
where R b is the bulk resistance, L is the thickness of the sample, and A is the area of the sample. Variation in ionic conductivity by varying the concentration of carbon is illustrated in Figure 1 . Using impedance spectroscopy, at different fractions of carbon and alum, the ionic conductivity values of carbon-potash alum composite were calculated and these are listed in Table 1 . It was observed that the electrical conductivity of the composite initially increased with an increase in carbon content. It attained a peak value when the alum was doped with 40% carbon. After this fraction, the conductivity was decreased. The conductivity increased from 3.6 × 10 −8 S/cm at 10% doping up to a maximum of 3.4 × 10 −5 S/cm when alum was doped with 40% carbon. The variation in conductivity can be explained on the basis of the percolation model. According to this model, several conducting paths are created in potash alum with an increase in the content of carbon. H + ions in alum are adsorbed and tend to show movement on the surface of carbon particles. The maximum conductivity is obtained for the composition in which the percolation threshold is achieved. After reaching a maximum value of conduction, the decrease in conductivity is analogous to various other research done on solid composites. Figure 2 shows a Cole-Cole plot of maximum conducting sample, in which resistance R b was calculated by the intersection of the curve with the real axis in the higher frequency region.
Conductivity and temperature
The composite was prepared using 20%, 30%, and 40% carbon-doped alum. Figure 3 demonstrates the change in conductivity with respect to temperature. The conductivity variation was measured between the temperature ranges of 20°C and 50°C. Above this temperature range, the pellet became unstable. The potash alum plays an important role in conductivity enhancement. It has physisorbed H 2 O that creates variation in conductivity. In between 20°C and 50°C temperature, it was reported that conductivity was directly proportional to temperature and that it followed an Arrhenius behavior, which can be illustrated as
where σ o is the proportionality constant, E a is the activation energy, k is the Boltzmann constant, and T is the absolute temperature. In between 45°C and 50°C temperatures, physisorbed water vanished and released H + and OH − ions, which were responsible for the composite sample's conductivity. After 50°C temperature, the pellet became unstable due to the absence of physisorbed water and conductivity could not be measured.
SEM
SEM was used to illustrate the topology of the surface of the composite sample. The SEM micrographs are shown in Figure 4A -C using a SEM instrument (Hitachi S-570). It is clear from the micrographs in Figure 4 that potash alum possesses a sharp needle-like morphological structure whereas carbon black shows rounded, spherical, or oval-like morphological structures ( Figure 4A ). Figure 4C illustrates the carbon and potash alum composite system, which shows a mixture of both morphological structures. Hence, it is determined that carbon is uniformly mixed with potash alum.
XRD
XRD patterns were recorded to further investigate the composite nature and structural analysis of the composite electrolyte. The Rigaku diffractometer was used to study the diffraction pattern. It revealed that carbon black possessed more of a crystalline structure as compared to alum. Peaks of the composite were sharp as compared to pure compounds indicating enhanced crystallinity. No extra peak was observed in the prepared composite, indicating the absence of any impurity atom and confirming the homogeneity of the composite.
The homogenous dispersion of carbon in alum did not affect the XRD data, indicating that no chemical reaction had taken place between the two components and that realization of a perfect composite was achieved. It has been illustrated in Figure 5 .
FTIR spectroscopy
The optical properties of the composite sample were illustrated using FTIR spectroscopy. Figure 6 illustrates the FTIR spectra of pure alum and the prepared composite samples. The spectrum of potash alum revealed strong absorption bands at 611, 703, 1019, 1077, 1112, 1150, and 1171 cm −1 . These characteristics of the sulfate group were also observed in all composite samples. This suggested the presence of potassium aluminum sulfate in all composite samples. In addition, it was reported that the band absorption of the sulfate ion appeared at 613 cm −1 . In this study, with the addition of alum into the composite samples, the absorption bands' S-O stretching at 1077-1112 and 1150-1171 cm −1 overlapped to become one wide peak result, which indicates the effect of alumina on the carbon. All the peaks present in pure carbon and pure alum were also present in the composite. The absence of any extra peak confirmed the perfect complexation and lack of impurities in the composite.
Application
Furthermore, to illustrate the application of the composite sample, the maximum ionic conducting composition was selected and it was used to fabricate a humidity sensor in our lab. The silver paste along with attached copper wires was used to investigate its sensing behavior. The optical photograph of the sensor is shown in Figure 7 . We developed a constant humidity chamber in our laboratory as designed by Srivastava and Chandra [16] to measure the response of the humidity sensor. We placed different salt solutions within the chamber to obtain different humidity values as suggested by Sweetman [17] . The response of sensor at variable relative humidity (RH) values was studied, which showed good sensing behavior with a quick response.
Humidity measurement
It was observed that the resistance of the composite film decreased by approximately 10 times, and the linearity range expanded from 30% to 65% RH. The observation from Figure 8 of the absolute linearity of resistance versus relative humidity for humidity range 30%-65% RH indicated the inversely proportional relation in between resistance and humidity. It suggested that the predominant increase of conductivity was due to the presence of H + ions. The value of resistance was attained at a steady value beyond 65% RH as the surface of the sensor became saturated with water and it was unable to adsorb any further water molecules.
Hysteresis loop
The hysteresis effect is an important characteristic related to the sensing element of a humidity sensor. It occurs due to chemisorption on the surface of the sensing element. This chemisorbed layer decreases the sensing capability of the sensor [18] . To calculate the hysteresis effect, the humidity in the chamber was increased from 10% to 90% RH and then decreased to 10% RH. The hysteresis value of the prepared composite material was reported as 4.2%. The commercially available humidity sensor exhibits hysteresis in the range of 1.25%-4.8% [19, 20] . Figure 9 illustrates the hysteresis graph for the sensing element of the prepared sample.
Response and recovery times
The response time and recovery time of the developed sensor were calculated and analyzed at different temperature levels [21] . The variation in the sensor response time and recovery time with temperature is shown in Table 2 . The recorded response and recovery times were 47 and 318 s, respectively. The value of the recovery time was always higher than the response time, as the response process is based on the adsorption process and recovery of the sensor depends on the desorption process. The time taken for desorption is always higher than the time taken for adsorption [22] [23] [24] . The values of response and recovery times decreased with an increase in temperature. As visible from Table 2 , the response time decreased to 36 s with an increase in temperature of up to 45°C and recovery time decreased to a value of 309 s at a temperature of 45°C. This developed sensor exhibited a quick response and possessed good sensing behavior.
Failure prediction of the sensor
Reliability is one of the major challenges that a sensor technology faces. Predicting the failure of a sensor before time can save the entire system. The failure can be predicted using failure in time (FIT) and mean time between failures (MTBF). Using artificial intelligence methods, an expert system can predict the failure before the end of life so that replacement of the faulty product can be done well before time.
Analytical method for failure rate
The 25 units of the maximum ionic conducting samples were prepared, which acted as a good humidity sensor. To predict their failure and remaining useful life, these 25 units were kept under different temperature conditions for 240 h. Then, few units could not bear high temperatures for a fixed time. The results of these accelerated life tests were recorded.
The FIT (per 10 9 h) was calculated using an Arrhenius equation of acceleration factor Table 3 . It reflects the inverse relationship between reliability and temperature.
Failure prediction using artificial neural networks
The application of artificial neural networks has been used to conduct the failure analysis of the developed sensor. For this purpose, an artificial neural network model with feed forward backpropagation algorithm was developed using the neural network Simulink tool (MathWorks, MA, USA) for prediction and validation of data. The temperature and conductivity were imported as input and the output was the MTBF. The 2-10-1 model was selected, in which there are 10 hidden layers, as shown in Figure 10 . A total of 36 data sets were recorded, out of which 26 data sets were used as training sets and 10 data sets for testing purpose. The validation of data has been shown in Figure 11 . The accuracy of the expert system was analyzed by comparing the predicted values of MTBF with an analytical value of MTBF that was calculated using the analytical method. After comparison, it was observed that the expert system successfully predicted the MTBF value with 97.2% accuracy, as shown in Table 3 .
Conclusion
A solid composite electrolyte based on doping potash alum with carbon black has been fabricated and studied using various characterization techniques. Complex impedance measurement showed that ionic conductivity of the prepared composite increases up to a maximum of 3.4 × 10 −5 S/cm when alum is doped with 40% of carbon. FTIR, as well as XRD, confirmed the composite nature, whereas SEM affirmed the homogeneous mixing of potash alum/carbon black. A humidity sensor has been fabricated (with the maximum conductivity sample) and it shows a stable and good performance. The failure of this sensor has been predicted successfully using artificial neural networks with 97.2% accuracy.
